OBJECTIVES: Prolonged global cerebral ischaemia leads to irreversible injury, often with lethal outcome. Brain injuries are partly caused by the uncontrolled reperfusion that occurs once the circulation is re-established. Recent animal experiments suggest that controlled reperfusion following lengthy ischaemia might prevent severe brain injury. This study aimed at further exploring cerebral alterations and outcome following prolonged global cerebral ischaemia and mechanically manipulated reperfusion.
INTRODUCTION
The survival after cardiac arrest (CA) has increased [1] , but even for those who survive the initial circulatory collapse, mortality remains high [2] , mainly as a consequence of ischaemic brain injury [3] .
The causative aetiology to tissue damage following circulatory arrest is suggested to be hypoxia in combination with the reperfusion that occurs when the circulation resumes, i.e. ischaemia/ reperfusion (IR) [4] . IR injury is a common feature in multiple conditions, such as myocardial infarction [5] , ischaemic stroke [6] and solid organ transplantation [7, 8] . Pioneer work in targeting the deleterious effects of IR has been performed by Allen/ Buckberg et al., regarding extremities [9] , heart [10] and lungs [11] . The mechanisms of brain damage following IR are not fully defined, but are likely a consequence of oxidative stress and uncontrolled inflammation [8] . Leucocytes are one of the key players in the injury cascade and contribute with both inflammatory and oxidative stress components [12] . Consequently, leucocyte depletion has been proven to minimize IR injury in heart, lung and extremities [13] , and brain injury following trauma [14] .
The above work demonstrated that a tightly controlled reperfusion could prevent injury, in a spectrum of organs, in spite of a significant ischaemic period. Prolonged cerebral ischaemia has hitherto been considered to inevitably cause severe and irreversible brain injury. The idea that the brain could recover after ischaemia, given a strict reperfusion protocol in the same way as other organs, was demonstrated by a series of interesting experiments [15] [16] [17] [18] . However, which aspects in the reperfusion protocol that are the most important remain to be answered. This study was undertaken as a step to discern this, by characterizing the effect of mechanical reperfusion with leucocyte filtration with regard to metabolic, haemodynamic and histological changes in the brain.
MATERIALS AND METHODS

Animals
See details in the Supplementary Material. All animals received humane care in compliance with the European Convention on Animal Care and ARRIVE guidelines. The experiments were approved by Uppsala Ethics Committee under permit number C12/13. Seventeen male pigs (Swedish country breed, 46.4 ± 6 kg) were included, without weight differences between the experimental groups. The study comprised three groups; sham (n = 3), uncontrolled reperfusion (URep, n = 6) and mechanical reperfusion (MRep, n = 6). Two animals were excluded (one sham due to haemorrhage from the central venous catheter and one MRep due to a perforation of the right subclavian artery).
Anaesthesia, general preparations and euthanasia
See details in the Supplementary Material. Briefly, anaesthesia was induced by a subcutaneous injection of xylazine and tiletamine/zolazepam and maintained using a buffered glucose solution carrier with ketamine, fentanyl and midazolam with a separate rocuronium infusion. The pigs were intubated and normoventilated with 40% O 2 with end-tidal CO 2 kept between 4.6 and 5.1 kPa and pH 7.35-7.45. The animals were kept on a 39 C heating mattress. Minimal interference was made to adjust blood glucose unless below 3 mmol/l in which case a bolus injection of glucose 300 mg/ml was given.
Precisely 3 h after start of uncontrolled reperfusion a lethal dose of potassium was injected intracardially and a 12Fr cannula inserted into the innominate artery, which then was proximally clamped and infused with 1000 ml of 4 C NaCl via the heartlung machine (300 ml/min) for brain cooling and blood washout. A 16Fr cannula was inserted into the superior vena cava and connected to a suction device for drainage of blood/NaCl to avoid cerebral congestion.
Haemodynamic measurements
For details, see the Supplementary Material. A central venous catheter and a Swan-Ganz catheter was placed in the right external jugular vein. A left femoral artery branch was catheterized for pressure monitoring and sampling. A second arterial line was placed in the innominate artery, above the level of the cross-clamp.
Surgery
After median sternotomy all major arteries to the brain were freely dissected intrathoracically and prepared with rubber vessel loops, a detailed description follows below and is also illustrated in Fig. 1 . To induce global cerebral ischaemia vessel clamps were placed on the right subclavian artery distal of the right internal thoracic artery (RITA) and proximally on the innominate to occlude arterial flow to the brain from both the carotid arteries and the right vertebral artery. The RITA was ligated distally and cannulated with a 10Fr cannula proximally (Fig. 1) . On the left side, clamps were placed proximally on the left subclavian artery, close to the aorta and distally of the left internal thoracic artery (LITA) to occlude cerebral inflow from the left vertebral artery. The LITA was ligated.
The porcine anatomy varies from the human, as both the carotid arteries rise from the brachiocephalic trunk. Pilot studies demonstrated that to achieve complete ischaemia also the following had to be performed; to isolate the right vertebral artery and prevent collateral flow to the brain via this route vessel clamps had to be placed on the right costocervical trunk, which originates posteriorly from the subclavian artery, distal of the common carotid trunk and proximally of the RITA. It was also necessary to place vessel clamps very proximally on the left subclavian artery to exclude collateral flow via the left costocervical trunk, which arises dorsally from the subclavian artery, relatively proximal, as the left vertebral artery arises from this trunk and receives collateral flow (Fig. 1) .
Global normothermic ischaemia was achieved by clamping all cerebral blood supply for 30 min after which all clamps were removed and cerebral circulation was resumed.
Mechanical reperfusion
See the Supplementary Material for detailed protocol. The MRep group received 20 min of mechanical reperfusion using extracorporeal circulation (ECC) starting immediately after the 30-min ischaemia period, with all vessel clamps left in place. A 16Fr cannula inserted into the right femoral artery was used for drainage and a 10Fr cannula inserted in the RITA for inflow. Non-pulsatile, normothermic ECC flow (750 ml/min) via an in-line leucocyte filter resulted in a mean arterial blood pressure (MAP) of 50 mmHg in the innominate artery. Care was given to keep the innominate pressure tightly regulated between 50 and 55 mmHg. Mechanical cerebral perfusion lasted exactly 20 min after which the vessel clamps were removed.
Sagittal sinus catheter and intracranial pressure measurements
See the Supplementary Material for details. A catheter was inserted into the sagittal sinus for sampling and venous pressure (SVP) measurements. A ventricular drain was placed into the lateral ventricle for intracranial pressure (ICP) measurements.
Microdialysis
See the Supplementary Material for detailed protocol. A microdialysis catheter was inserted into the left parietal lobe. The catheter was perfused with microdialysis fluid at a flow rate of 1 ml/ min. The dialysate was collected in vials harvested at 15-min intervals and analysed for glucose, lactate, pyruvate, glutamate, glycerol and urea. The lactate/pyruvate ratio was calculated.
Blood gases and oxygen extraction rate
Blood samples were drawn concomitantly from the sagittal sinus and the left superficial femoral artery. Cerebral oxygen extraction rates (OERs) were calculated according to Ref [19] .
Neuropathology
See the Supplementary Material for detailed protocol of brain preparation, fixation and classification of pathology. Seven-micrometre sections were cut and stained with haematoxylin and eosin (HE). Sections were assessed under light microscopy in magnifications 40-400Â. Pathological alterations were looked for in all sections. All lesions were assessed as being seen focally in the section or been seen generally in a section. A numeric value of brain alterations was assigned each pig based on the extent of alterations seen.
Baseline measurements
After preparations the animals were placed on their right side and allowed to recover for 30 min before obtaining baseline measurements. Heparin was given (250 IU/kg) to all three groups, with the goal of maintaining ACT of >300 s. Additional heparin was given as needed to maintain this. For an overview of the experimental protocol see Fig. 2 .
Statistics
For analysis of significance levels between the groups regarding the haemodynamic, blood-gas and microdialysis biomarkers two-way analysis of variance was used, with Bonferroni post hoc comparisons, using the software GraphPad Prism 5.0 (San Diego, CA), P < 0.05 was considered statistically significant. To assess whether individual variability in baseline values affected statistical stringency, all analyses were normalized towards the baseline measurement. This normalization procedure did not alter the results significantly and the data are therefore not presented, with the exception of the haemodynamic measurements (Supplementary Material, Fig. S1 ) which were very slightly affected by normalization. For assessment of significant differences regarding neuropathological outcomes, SPSS 20.0 (IBM, New York, NY) was used. Non-parametric Kruskal-Wallis was used to 
RESULTS
Clinical management and haemodynamic measurements
Minimal amount of pharmacological intervention was undertaken to regulate the blood pressure, so not to disturb cerebrovascular autoregulation, unless a minimum MAP of 50 or a systolic blood pressure of > _150 mmHg. Esmolol 10mg/ml (7-8 ml/h) or nitroprusside 1 mg/ml (7-8 ml/h) or both were used during the hypertensive period following clamping, and ephedrine (5 mg/ml) or phenylephrine (0.1mg/ml) in the event of hypotonia, typically after start of uncontrolled reperfusion.
Normothermic reperfusion with leucocyte-filtered blood at a flow of 750 ml/min, MAP >50 mmHg, was achieved in all MRep animals. To maintain haemodynamic stability and adequate arterial drainage, substantial volume substitution (1-2 l RingerAcetate) was habitually necessary.
The clamping of the cerebral vessels was associated with tachycardia, hypertension ( A gradual increase in ICP occurred in all animals, even sham, although the course was much more dynamic in the ischaemic groups. When normalizing the values towards baseline it became more evident that the MRep group had the most pronounced increase in ICP (Fig. 3G and Supplementary Material, Fig. S1G ). The sham animals were warmer than the ischaemic, likely due to less volume substitution (Fig. 3H and Supplementary Material, Fig.  S1H ).
Sampling and venous pressure initially correlated well with ICP, but after IR the levels started to deviate (Fig. 3 and  Supplementary Material, Fig. S1F-G) . Also, SVP was higher in the sham group, but when normalizing there were no differences between the groups, although some haemodynamic variability was seen within the ischaemic groups ( Fig. 3 and Supplementary Material, Fig. S1C and D) .
BLOOD GASES
Arterial
The arterial gases were similar between the groups, apart from a drop in haemoglobin towards the end in the MRep group (Supplementary Material, Fig. S2I ). The URep group had an increase in haemoglobin after the start of the reperfusion (Supplementary Material, Fig. S2I) , potentially explained by a pooling of blood in the cerebral vasculature that did not occur in the sham. This observation was not made in the MRep group, possibly due to a higher level of haemodilution.
Sagittal sinus
There were no significant differences in pH (Fig. 4A) . pCO 2 increased in the ischaemic groups compared with sham after ischaemia (Fig. 4B) . pO 2 and SaO 2 increased during ischaemia and reached significant levels during the phase when normal circulation was re-established, in both the ischaemic groups compared with sham ( Fig. 4C and D) . Glucose had a tendency to increase during the ischaemic period; however, the levels were decidedly variable even within groups (Fig. 4E) . Lactate increased in the ischaemic groups compared with sham, but there was no difference in the postischaemic phase between the URep and MRep groups (Fig. 4F ). The animals that had been ischaemic were more acidic than the sham in the short term after the ischaemia (Fig. 4G and Fig. H) . Haemoglobin showed the same pattern as in the arterial gases (4I). Electrolyte (Na + , K + , Ca
2+
, Cl -) levels were all relatively stable without group differences in either locale (data not shown).
Cerebral oxygen extraction rate
The arterial O 2 content (CaO 2 ) showed no differences between the groups (Fig. 5A) . The venous O 2 content (CvO 2 ) was higher in the URep group compared with sham ( Fig. 5B ), but this was not significant for the MRep group, although the trends were similar (Fig. 5B) . OER was significantly poorer in the two ischaemic groups compared with sham, but there were no differences between the MRep and URep groups (Fig. 5C ).
Microdialysis
The microdialysis measurements showed a high degree of variability even within groups. However, there were some significant differences; glucose was lower during the late part of ischaemia and during the early reperfusion phase in both the MRep and URep groups (Fig. 6A ) compared with sham. Lactate tended to be higher in the ischaemic groups than in the sham group, however significant only for the MRep group (Fig. 6B) . The pyruvate levels were highly variable without significant differences, although a drop was observed during ischaemia (Fig. 6C) . Glutamate, which typically rises during ischaemia [20] , varied with a trend for a rise during ischaemia (Fig. 6D) . Glycerol, a marker for cell membrane injury and oxidative stress [21] , was elevated in the ischaemic groups, with the highest levels in the MRep group (Fig. 6E) . Urea levels were stable without differences (Fig. 6F ) supporting reliable microdialysis catheter performance. The lactate/pyruvate (L/P) ratio is an indicator of anaerobic metabolism, and rises are considered unfavourable [20] . L/P rose steeply during the ischaemic period in both groups (Fig. 6G) . Together with a reduced glucose and increased glutamate this is a typical pattern of ischaemia [22] . Interestingly, the L/P also differed between the URep and MRep groups in the early phase of uncontrolled reperfusion, where the L/P remained elevated in the URep group. This was likely because the MRep group had received a period of mechanical reperfusion before the start of the uncontrolled phase (Fig. 6G) .
NEUROPATHOLOGICAL ASSESSMENT
Triangular shrunken neurons with eosinophilic cytoplasm (Fig. 7A and Fig. B) were seen in all pigs. Pale vacuolated neuropil (7C-E) was observed in all pigs and extravascular blood (Fig. 7F) was seen in five of the pigs, but not in the sham pigs. The mean value for brain alterations in the sham group was 1.6 ± 0.08 (mean ± SEM) (Fig. 7G) . The mean value for brain alterations seen in the pigs that had been subjected to uncontrolled reperfusion was 3.1 ± 0.50 and for the pigs subjected to mechanical reperfusion 3.0 ± 0.71 (P = 0.70) (Fig. 7H) . Inflammatory cells, neutrophils or macrophages were not seen in the tissue in any of the assessed brains, in HE-stained sections.
DISCUSSION
In this study a slightly modified version of a large animal model [15] [16] [17] [18] that enables the study of global brain ischaemia and reperfusion was used. The results provide a comprehensive description of the physiology, basic biochemistry and intraparenchymal metabolism that occurs following a severe ischaemic cerebral insult. Pilot experiments demonstrated that complete brain ischaemia is difficult to achieve in pigs, due to numerous collaterals, and if incomplete ischaemia was induced, the blood pressure rise was absent. Our ischaemia-induction caused an immediate and pronounced increase in MAP, accompanied by tachycardia and a concomitant drop in innominate, ICP and SVP pressures which confirmed global cerebral ischaemia.
Interestingly, pO 2 and SaO 2 levels increased in the sagittal sinus during ischaemia, where instead a fall in pO 2 /SaO 2 would be expected. This could be due to a redistribution of blood flow from capillaries to microvascular shunts, otherwise mostly described in conjunction with increased ICP [23] . During and following ischaemia the OER declined. However, there was no difference between MRep and URep groups.
Porcine cerebral microdialysis is beset with a significant parameter variability [24, 25] . However, the method enables analysis of trends and demonstrates rapid changes in the local microenvironment. This was seen during the ischaemia, where glucose and pyruvate dropped and glutamate and glycerol rose, although significance levels were not reached for all biomarkers. One clear difference was that glycerol levels were highest in the MRep group. A sustained postischaemic increase in interstitial glycerol has been associated with severe ischaemic injury in a primate focal ischaemia-reperfusion model [25] . There were also other more subtle differences between the MRep and URep groups. For instance, the more pronounced postischaemic elevation of lactate and pyruvate in the MRep group and the earlier normalization of the lactate/pyruvate ratio in the MRep than the URep group, illustrates a more efficient reperfusion in MRep animals. This is to be expected following the mechanical reperfusion in the MRep group before normal circulation resumes.
Microscopic studies of the brain demonstrated pathological alterations in all pigs, even the sham, although the most severe pathology (haemorrhagic infarcts) was only seen in the ischaemic groups. The sham animals were fully heparinized, alike the others, and had multiple catheters introduced in the brain parenchyma, which led to a certain degree of intracranial bleeding. The sham group ICP increase likely reflects this and illustrates the problem with multiple cerebral catheters during full heparinization. Also, the animals lie with an open chest for many hours which in combination with heparinization leads to significant blood loss. Anaemia in conjunction with elevated ICP is likely sufficient to explain the observed injury in the sham group. Though, it should be emphasized that the sham group pathology was of a different magnitude than in the other groups. The most important pathological findings were severe and widespread signs of ischaemic injury, similar in both the MRep and URep groups. This confirms what the biochemical and physiological parameters suggested; that the current reperfusion protocol was insufficient to prevent/reverse the brain injury caused by prolonged ischaemia. Unfortunately, no clinical assessments were allowed under current ethical regulations. A further issue, which is interesting to discuss, but not possible to answer in the current experiments is the significance of haemodilution. Did the haemodilution in the MRep group obliterate a potential benefit of the reperfusion, or was the haemodilution without significance given the magnitude of the other interventions? It can be argued that increased blood flow compensates anaemia in the situations of haemodilution. But the field is complex and heterogeneous where results from adults are mixed with those from paediatric settings, in turn further complicated by varying degrees of hypothermia and large ranges of dilution. The haemodilution that occurred in the current studies was unavoidable, as the mechanical reperfusion necessitated volume substitution in order to maintain circulatory stability, but at the price of dilution. This will remain a challenge in subsequent studies using the current model, and future results need to be interpreted against this background.
The notion that a central nervous system that has suffered a long period of ischaemia could be salvaged [15] [16] [17] [18] without apparent deficits is staggering, and would constitute a groundbreaking medical advancement. The concept of a controlled reperfusion in settings of for instance CA is feasible, at least inhospital, as the accessibility to mechanical assists such as extracorporeal membrane oxygenation is increasing [26] . Another possible application for controlled cerebral reperfusion is during surgery of acute Stanford type-A aortic dissections with affected cerebral vessels and neurological symptoms, as the contemporary surgical method already comprises selective cerebral perfusion [27] , although it is rare that all arch vessels are affected.
However, our studies demonstrate no benefit of the mechanical reperfusion protocol applied here, i.e. at a fixed flow and pressure with leucocyte-filtered blood. Although we did not quantify the leucocytes, leucocyte filtration using LeukoGuard has been previously documented to be relatively effective in removing activated neutrophils [28] [29] [30] . However, the filters do not remove all leucocytes, suggesting that there remains some degree of leucocyte activity even in the MRep group. The differences in results between our studies and those of Allen et al. [15] [16] [17] [18] suggest that further manipulation and control of the reperfusion are necessary, for instance with regard to cation balance, to reverse the ischaemic injury. It is unclear what in the reperfusion protocol that constitutes the key factor, or whether all components are necessary. Our study differs from the above, and is restricted by the fact that there are no survival or postintervention parameters, and the findings are therefore not unambiguous. This study is not without limitations and the clinical relevance can be discussed. There is no scenario exactly like this, and a CA would obviously also affect other organs too. But as the brain is the most problematic organ to salvage after severe ischaemic insults, these initial studies were focused on the cerebral responses. If potential successful cerebral rescue strategies are defined, a further step could be to apply this in for instance E-CPR situations.
CONCLUSIONS
Twenty minutes of mechanical reperfusion of the brain following prolonged, normothermic global cerebral ischaemia using leucocyte-filtered blood does not prevent severe brain injury. However, some parameters are slightly modified using our protocol and the method could perhaps be complemented to accomplish a regression of the injuries.
